Intracellular sorbitol content of inner medullary col-Background. Sorbitol plays an important role in renal oslecting duct (IMCD) cells varies with the sorbitol synthemoregulation. In the rat renal inner medulla sorbitol synthesis sis and/or the membrane permeability [3][4][5] [6] . A decrease and sorbitol degradation are located in different cell types. in extracellular osmolarity is followed by a rapid increase Whereas sorbitol synthesis can be detected in the inner medulin sorbitol permeability via the sorbitol permease [7] . lary collecting duct cells, sorbitol degradation takes place in the interstitial cells. Therefore, one can speculate that the co-Sorbitol is synthesized from d-glucose in the presence operation between epithelial and interstitial cells requires sorof aldose reductase, whereas the degradation of sorbitol bitol transport into interstitial cells. to fructose is catalyzed by sorbitol dehydrogenase, ac-Methods. Our studies were performed with an interstitial cording to the following stoichiometric conditions. cell line derived from the renal inner medulla of Wistar rats. These cells have typical characteristics of renal fibroblasts. In d-glucose ϩ NADPH ϩ H ϩ ⇔ d-sorbitol ϩ NADP ϩ addition, they possess a high activity of sorbitol dehydrogenase (Eq. 1) as determined in vivo. Uptake was measured by liquid scintillation counting. For studies on sorbitol metabolism sorbitol cond-sorbitol ϩ NAD ϩ ⇔ d-fructose ϩ NADH ϩ H ϩ centration was measured photometrically.
dulla, the distribution of sorbitol dehydrogenase activity inhibited by cytochalasin B than 2-deoxy-d-glucose uptake.
has been reported to be the opposite [4, 8] . However, The transport showed a high affinity for sorbitol and only little is known about the distribution of these two enlittle inhibition of sorbitol uptake by substances with a similar zymes in different renal cell types within the renal inner structure was observed.
medulla. Although low sorbitol dehydrogenase activity
Conclusions. Our results show a new sorbitol transport system in renal inner medullary interstitial cells, which is rather could be demonstrated in microdissected collecting duct different from the described sorbitol permease in renal epithecells of the renal inner medulla [8] , no physiologically lial cells and from glucose transporters of the GLUT-and significant sorbitol degradation has been detected so far SGLT-family. [9, 10] . Further investigations showed that enzyme activities and sorbitol content in the rat inner renal medulla are regulated osmotically. The enzymatic activities of In mammalian renal epithelial cells several organic aldose reductase were found to be located primarily in molecules help to maintain the osmotic balance. These IMCD cells, whereas enzymatic activities of sorbitol de-"organic osmolytes" are divided into three broad classes: hydrogenase were located in interstitial cells [11] . IMCD polyols (such as sorbitol), amino acids (such as taurine, cells release sorbitol on the basolateral side [10] , which proline, and alanine) and methylamines (such as betaine hints at a co-operation of interstitial and epithelial cells and glycerophosphorylcholine) [1, 2] .
with regard to the sorbitol pathway. It was proposed earlier that sorbitol is released from the basolateral side of IMCD cells into the interstitial space and might be METHODS cells were detached using a trypsin/ethylenediaminetetraacetic acid (EDTA) solution, suspended in the ac-Cell line cording HEPES-Ringer buffer and preincubated for 15 The cells were derived from the renal inner medulla minutes with 3 H 2 O (Du Pont de Nemours, Bad Homof male Wistar rats as reported previously [12] . They burg, Germany) at 37ЊC in a water bath. After this prespontaneously immortalized while cultured in the meincubation the cells were completely equilibrated with dium described below and had typical characteristics of 3 H 2 O. Sorbitol transport measurement started with the inner medullary renal interstitial cells. For instance, they addition of 14 C-sorbitol (Amersham Buchler, Braunwere extensively branched and contained lipid droplets. schweig, Germany) to the cell solution. The incubation Immunhistochemically they could be identified by their was terminated at the appropriate times by spinning the positivity for the lectin BSL-1 and negativity for endocells for 15 seconds at 14,000 ϫ g through a silicone-oil thelin markers (such as, factor VIII-related antigen) [12] . mixture (Wacker Chemie, Munich, Germany). The oils They are vimentin positive and cytokeratin negative. The AR 20 and AR 200 were mixed in the proportion 2:1 cells were grown in a 300 mOsm/L medium; however, after a short adaptation period they also grew in a 600 for experiments at 300 mOsm/L and 1:1 for experiments mOsm/L medium.
at 600 mOsm/L. The cell pellet was collected and dissolved in 1 mol/L NaOH and aliquots were used for Cell culture scintillation counting.
Monolayers of interstitial cells were cultivated in plas-
In parallel with each transport experiment, 14 C-sucrose tic tissue culture flasks (75 cm 2 ; Falcon, Heidelberg, Ger-(Du Pont de Nemours) was measured. Since sucrose many) at 37ЊC in a humidified atmosphere (95% air, 5%
does not permeate the cell membrane [13, 14] , it could CO 2 ). The culture medium contained 250 mL Dulbecco's be used as an appropriate marker of the extracellumodified Eagle's medium (DMEM), containing 1 g/L glular space. Cells were incubated at 37ЊC with 3 H 2 O and cose, 250 mL Nutrient Mix Ham's F12, 10% fetal calf se- 14 C-sucrose and spun through the silicone-oil mixture rum (FCS), gentamycin (50 U/L), streptomycin (50 U/L), as described above. The intracellular space was finally penicillin (50 U/L), 1% MEM-nonessential-amino-acids, calculated by subtracting the extracellular space from 1% l-glutamine and 1% sodium-pyruvate (all compothe total volume. For determination of kinetic properties nents from Gibco, Eggenstein, Germany). Under these incubation was started at 37ЊC in a water bath by adding conditions the pH of the medium was contained at 7.4. the 14 C-sorbitol and non-labeled sorbitol in concentra-For investigations of sorbitol transport cells were incutions of 3, 5, 10, 20, 50 and 80 mmol/L. All incubations bated in standard and modified HEPES-Ringer buffer.
were performed at the same osmolarity (380 mOsm/L) Composition of solutions and reagents by addition of fructose, which had no influence on sorbitol transport in a low (5 mmol/L) or high (80 mmol/L) The standard modified (300 mOsm/L) 4-(hydroxyconcentration ( Fig. 3 ). In all experiments, except the ethyl)-1-piprazineethane sulphonic acid (HEPES) Ringer measures of time dependency on sorbitol transport, sorbuffer (pH 7.4) used for transport experiments contained (in mmol/L): 118 NaCl, 3.2 KCl, 2.5 CaCl 2 , 1.8 MgSO 4 , bitol metabolism was inhibited by the addition of aldose 1.8 KH 2 PO 4 , 16 H-HEPES, 16 Na-HEPES, 5 glucose, 10 reductase inhibitor (HOE 843; 40 mol/L) and sorbitol Na-pyruvate, 2 Na-acetate. For experiments investigatdehydrogenase inhibitor (SDI 158; 20 mol/L; both gifts ing the sodium dependence of the sorbitol transport the of Hoechst, Frankfurt, Germany). For trans-stimulation following Na-free buffer was used (in mmol/L): 118 studies cells were preincubated with an additional amount N-methylglucosamine, 3.2 KCl, 2.5 CaCl 2 , 1.8 MgSO 4 , of 50 mmol/L sorbitol. Controls were incubated with 1.8 KH 2 PO 4 , 32 H-HEPES, 5 glucose, 2 K-acetate. For 50 mmol/L mannitol. For trans-stimulation studies cells chloride-free incubations this buffer was used (in mmol/L):
were incubated with 14 C-sorbitol and 14 C-2-deoxy-d-glu-118 NaNO 3 , 3.2 K-acetate, 2.5 CaSO 4 , 1.8 MgSO 4 , 1.8 cose, respectively. KH 2 PO 4 , 16 H-HEPES, 16 Na-HEPES, 5 glucose 10 Na-
The cell volume was determined by a combination of pyruvate, 2 Na-acetate. To measure the dependency on the method described in the prior paragraph and protein extracellular potassium concentration, 50 mmol/L NaCl determination. The average amount of cell volume was were exchanged with 50 mmol/L KCl. The pH of the Na-3 mL/g protein (N ϭ 8). free HEPES-Ringer buffer and the KCl-HEPES-Ringerbuffer had to be adjusted to 7.4 by the addition of HCl Protein determination (1 mol/L).
Protein concentrations were determined in triplicate Transport studies according to Lowry et al [15] using concentrations of bovine serum albumin (BSA; Behring, Marburg, Ger-After removal of the medium, cell monolayers were rinsed with phosphate-buffered saline (PBS; Gibco). The many) between 0.1 and 0.8 g/L as standards.
Determination of sorbitol metabolism
Sorbitol determination. Cells were incubated for five hours in the cell culture medium without FCS but in the presence of 5 mmol/L glucose and the specific sorbitol dehydrogenase inhibitor SDI 158 (20 mol/L) in order to avoid sorbitol degradation. After incubation the sorbitol content was examined in the medium (extracellular content) and the cells (intracellular content). Sorbitol synthesis was calculated from the difference of total sorbitol content (extracellular ϩ intracellular) under control (no sorbitol) and experimental conditions (ϩ 5 mmol/L glucose) after five hours of incubation.
The same method was used to determine sorbitol degradation. In this case, the cells were incubated with the aldose reductase inhibitor HOE 843 (40 mol/L).
The cells were washed with perchloric acid (1 mol/L) and centrifuged. The centrifuged protein-free supernatant was neutralized with KOH (1 mol/L) and used for the assay of sorbitol determination. The medium also was deproteinized with perchloric acid (1 mol/L), centrifuged and neutralized with KOH (1 mol/L) and used for the assay of sorbitol. 5Ј-triphosphate (ATP) and hexokinase to fructose-6phosphate and adenosine diphosphate (ADP). Fructose-6-phosphate was then isomerized to glucose 6-phosphate RESULTS by phosphoglucose isomerase. Glucose-6-phosphate was Polyol pathway oxidized in the presence of nicotinamide ADP (NADP ϩ ) and glucose-6-phosphate dehydrogenase to gluconate-To investigate the influence of the intracellular sorbi-6-phosphate, NADPH and H ϩ . Pyruvate was then oxitol synthesis and degradation on the sorbitol transport, dized in the presence of l-lactate dehydrogenase NADH we examined the sorbitol production and the sorbitol degand H ϩ to NAD ϩ and lactate. The amount of NADPH radation capacity of the interstitial cells at an osmolarity was stoichiometric with the fructose formed from sorbiof 300 mOsm/L. At this osmolarity only small amounts tol and measured by the change in absorbance at 339 of sorbitol were produced within the interstitial cells nm [16] .
(1.5 Ϯ 0.6 mol/g protein ϫ h). The sorbitol degradation was 3.9 Ϯ 0.4 mol/g protein ϫ h (N ϭ 6 for both Liquid scintillation counting experiments). Thus, degradation of sorbitol exceeded Samples were dissolved in 2 mL Ultima Gold scintillathe sorbitol synthesis. Therefore, we expected a specific tion cocktail (Packard, Frankfurt/Main, Germany) and sorbitol transport into interstitial cells. measured in a Wallace 1409 Liquid Scintillation Counter Kinetics of sorbitol transport (Wallace, Turcu, Finland), which includes quench curves for 3 H and 14 C.
The time course of sorbitol transport is shown in Figure 1 . These experiments were done without aldose re-Material ductase and sorbitol dehydrogenase inhibitors. No equil-All chemical reagents were of the highest purity comibration was reached within the first 60 minutes of inmercially available.
cubation. Since the transport rates were linear during the first fifteen minutes, sorbitol transport by rat renal Statistical analysis inner medullary cells was measured after 10 or 15 minutes. When incubated with aldose reductase inhibitor For statistical analysis the one-sided Student t test was performed. Differences were considered statistically and sorbitol dehydrogenase inhibitor sorbitol transport was found to be twofold compared to other experiments. significant at the level of P Ͻ 0.05. All results are expressed as mean Ϯ standard deviation.
Since the intracellular sorbitol metabolism, especially resulted in a significant elevation of sorbitol transport. The sorbitol transport increased by 37 Ϯ 18% (P Ͻ 0.05, N ϭ 3), which suggests that the sorbitol transport is influenced by the membrane potential. chalasin A estimated a K i of about 1.5 ϫ 10 Ϫ6 for sorbitol. The 2-deoxy-d-glucose transport was only inhibited by 10% when cytochalasin A was added in a concentration of 10 Ϫ5 mol/L. The comparison of uptake inhibition by sorbitol degradation, influences sorbitol transport, the cytochalasin B showed a significant difference between following experiments on characterization of the sorbitol of 2-deoxy-d-glucose uptake and sorbitol uptake ( Fig. 5 ). transport were done with the aldose reductase inhibitor Phlorizin, an inhibitor of glucose and inositol transport HOE 843 and the sorbitol dehydrogenase inhibitor SDI
Influence of pCMBS, cytochalasin A and B, phloretin and phlorizin on sorbitol transport
[18], had no significant influence on sorbitol transport. 158. In a concentration range from 3 to 80 mmol/L no Phloretin, an inhibitor of glucose and urea transport [19] , saturation of sorbitol transport was detectable (Fig. 2) .
showed a 50% inhibition of sorbitol transport. However, The transport was almost linear over this range. The 4-(chloromercuri)benzoesulfonic acid (pCMBS) signifitransport was also temperature dependent and showed cantly increased sorbitol influx by 50 to 60% when added a more than five times higher sorbitol transport rate at in concentrations of 0.5 and 0.05 mmol/L (Fig. 4A ). 37ЊC compared to 4ЊC.
There is no known transport system that shows such In trans-stimulation studies cells were preincubated a pattern of inhibition. The experiments with the sugar with 50 mmol/L sorbitol for five hours. To exclude osmotic transport inhibitors provided evidence for the existence influences the control was incubated with 50 mmol/L of a protein-mediated sorbitol transport pathway, which mannitol. A significant increase in sorbitol transport was was different from glucose and inositol transporters. found (Fig. 3, 140 Ϯ 34%, N ϭ 5).
Inhibition of sorbitol uptake by structurally
Influence of Na ؉ , K ؉ , Cl Ϫ on sorbitol transport related substances A variety of transport systems are characterized by a Only few of the structurally related substances tested dependence on extracellular electrolyte. However, the inhibited the sorbitol uptake. Talose Ͼ gluconic acid Ͼ sorbitol transport into interstitial cells was not influenced sorbose Ͼ glucose inhibited sorbitol transport by 40 to by the extracellular electrolyte concentration. Neither 60% when added in a fivefold higher concentration than a Na ϩ free nor a Cl Ϫ free buffer changed the sorbitol sorbitol. The addition of non-labeled sorbitol resulted transport significantly (N ϭ 4).
Raising the extracellular K ϩ -concentration to 50 mmol/L in a significant inhibition of uptake of 14C-labeled sor- extracellular sorbitol concentration or the increase in extracellular osmolarity, these results are not included in this article. Fructose, which had no influence on the sorbitol transport in concentrations up to 80 mOsm/L, was added to balance the sorbitol induced changes in osmolarity.
Since the sorbitol transport was neither Na ϩ -nor Cl Ϫdependent, a cotransport or antiport system with these electrolytes is unlikely. However, we found a dependence on extracellular K ϩ that might influence the membrane Fig. 4. (A) Effects of phlorizin, phloretin, and 4-(chloromercuri) benpotential. Therefore, we suggest that an electrogenic co- with sorbitol dehydrogenase inhibitor and aldose reductase inhibitor, showed a reduced sorbitol transport. This could mean that sorbitol transport is strongly dependent on the intracellular sorbitol metabolism within bitol. All other substances listed in Figure 6 , including the interstitial cells. The sorbitol degradation to fructose 2-deoxy-d-glucose, showed no significant influence on by sorbitol dehydrogenase could maintain a concentrasorbitol transport.
tion gradient, which could be the driving force for sorbitol transport. Another characteristic of this sorbitol transport system DISCUSSION is its inability to be inhibited by most other sugars and This study describes a sorbitol transport system in rat polyols. Only carbohydrates with six carbon atoms were renal inner medullary interstitial cells. The transport is transported. None of the tested pentoses could inhibit sorcharacterized by a high transport rate, which enables bitol transport significantly. Changes at C1 do not seem a fast equilibration of extra-and intracellular sorbitol to influence the inhibitory capacity of the structurally concentrations.
related substances. Apart from the hydroxy-group (sor-Our experiments showed no saturation of sorbitol upbitol, sorbose), the aldose form (glucose, talose) and the take up to an osmolarity of 80 mmol/L. Also, in rat glial carbon acid (gluconic acid) were transported as well. An primary cultures no saturation of sorbitol uptake up to exchange of the position of the hydroxyl group at C2 an extracellular sorbitol concentration of 80 mmol/L was only accepted if the hydroxyl group at C4 was also could be found [20] . However, sorbitol uptake in human exchanged (talose). A keto-hexose (sorbose) was only renal inner medullary fibroblasts is characterized by sattransported if the position of the hydroxyl groups at C3 uration with a K m of 10 mmol/L for sorbitol uptake [21] . and C4 were exchanged. This might be the reason for We found that sorbitol transport depends on extracelluthe observation that fructose was not transported. If the lar osmolarity. Since we could not determine whether C4 hydroxyl group was not changed (mannitol, manthis transport increase above an extracellular sorbitol concentration of 80 mmol/L was due to the enlarged nose), the structurally related component was not trans- ported. If only the hydroxyl group at C4 was exchanged, tose, fructose) are different from the analogs that inhibit the component showed no influence on the sorbitol the sorbitol transport [24, 25] . If this sorbitol transport transport as well. The hydroxyl group at C6 was necessystem was in fact a glucose transporter, one would expect sary to maintain the transport ability. Cyclic components a complete inhibition of sorbitol transport during incubasuch as myo-inositol could not be transported. An extion with a five times higher glucose concentration. change of hydroxyl groups by methyl groups at C1 or Little is known thus far about the sorbitol metabolism C3 (methyl-␣-D-glucopyranoside, 3-O-methyl-glucopyin renal interstitial cells. Sorbitol synthesis in interstitial ranose) or the exchange of the hydroxyl group at C6 cells is rather low compared to IMCD cells. The synthesis by a phosphate group (sorbitol-6-phophate, glucose-6rate is in good agreement with the aldose reductase activphosphate) did not influence the sorbitol transport as ity in vivo [11] . Using a combination of sorbitol transport well. The methylamin betain was not accepted by the studies and cell volume determinations (3 mL/g protein) sorbitol transporter. Tri-and disaccharides (raffinose, we calculated a sorbitol uptake of 1 mol/g protein ϫ h. sucrose) showed no interference with the sorbitol trans-Therefore, we conclude that sorbitol degradation is inport. Since the transport showed no saturation characterfluenced to the same degree by uptake and synthesis at istics, no final conclusion about the substrate specificity 300 mOsm/L. can be made. We cannot exclude that higher concentra-To date nothing is known about the importance of tions of the substances, which did not inhibit the transsorbitol uptake and degradation for the osmoregulation port in our investigations, might influence the sorbitol of interstitial cells. Both sorbitol and fructose might be transport. Higher concentrations were not tested beinvolved in osmoregulation. However, fructose could be cause these would raise the osmolarity and thus activate further metabolized or released from the cells. Addithe sorbitol transport.
tional experiments are necessary before it can be deter-The transport is rather different from the sorbitol permined with certainty. mease in renal epithelial cells. The sorbitol permease
In conclusion, we describe a novel transport system allows sorbitol efflux if extracellular osmolarity is lowered for sorbitol uptake in renal interstitial cells, which is dif- [7, 22] . An increase in extracellular osmolarity decreases ferent from the sorbitol permease in IMCD cells and difthe sorbitol permease activity in order to elevate the ferent from all glucose transporters (both GLUT-and intracellular sorbitol concentration [7] . Our experiments SGLT-family). These results hint towards a model of showed that renal interstitial cells increase intracellular cooperation between epithelial and interstitial cells in sorbitol content at an osmolarity of 300 mOsm/L. The the inner medulla of rat kidney in terms of the sorbitol sorbitol permease seems to be independent of the sormetabolism. bitol metabolism. In interstitial cells, however, sorbitol 
